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Carc i nogene s i s is seen as t h e d o m i n a n t r i s k o f low doses o f i o n i z i n g r a d i a t i o n s . 
R i sk e s t imates a r e based on ep idemio log i ca l s t u d i e s a n d an imal e x p e r i m e n t s . A f ­
t e r t h e r e v i s i o n o f t h e d o s i m e t r y i n H i ro sh ima one has v e r y l i t t l e e p i d e m i o l o g i ­
cal d a t a f o r d e n s e l y i o n i z i n g r a d i a t i o n . T h i s a n d t h e i m p e n d i n g r e v i s i o n o f t h e 
q u a l i t y f a c t o r s has g i v e n added i m p o r t a n c e t o t r a n s f o r m a t i o n s t u d i e s w i t h d e n s e ­
l y i o n i z i n g r a d i a t i o n s . 
We have p e r f o r m e d t r a n s f o r m a t i o n s t u d i e s w i t h α - p a r t i c l e s a n d v a r i o u s heavy 
ions t o i n v e s t i g a t e t h e e f f e c t i v e n e s s o f r a d i a t i o n o f h i g h i o n i z a t i o n d e n s i t y 
and t h e po s s i b l e r o l e o f t h e dose r a t e . T h e w o r k is a l so d i r e c t e d t o w a r d s t h e 
e l u c i d a t i o n o f t h e c e l l u l a r a n d mo lecu la r mechanisms o f r a d i a t i o n c a r c i n o g e n e s i s . 
I n V i t r o T r a n s f o r m a t i o n As says 
T h e t r a n s f o r m a t i o n s t u d i e s we re p e r f o r m e d w i t h C3H 10T1/2 mouse e m b r y o - f i b r o -
b l a s t s i n o r d e r t o make o u r da t a comparab le t o those f r o m o t h e r l a b o r a t o r i e s . 
T h e c o n v e n t i a l f ocu s assay was u t i l i z e d w h i c h is i l l u s t r a t e d i n F i g u r e 1 . T h e 
F i g u r e i n c l u d e s a t r a n s f o r m e d ce l l c l o n e , a f ocu s o f t y p e I I I . 
FOCUS-TEST KITH JC3H^0T1/2 CELLS 
• 2we«ks • — 4weeks -
k »-2*hours-7 ^ / ^ 
300 v i a b l e c e l l s 
80 - 100 v i a b l e c e l l s 
Figure 1: 
Scheme of the traneformation aeeay viith C3H 10T1/2 cello 
For t h e i n v e s t i g a t i o n o f g r o w t h p a r a m e t e r s * ch romosomal s t a t u s , t u m o r i g e n i c i t y 
and oncogene e x p r e s s i o n S y r i a n Hams te r e m b r y o ce l l s ( SHE) w e r e t r a n s f o r m e d 
b y d i f f e r e n t t y p e s o f i o n i z i n g r a d i a t i o n . T h e p r i m a r y SHE ce l l s age d u r i n g a 
few passages a n d o n l y t h e i m m o r t a l i z e d o r t r a n s f o r m e d ce l l s o v e r g r o w t h e 
d y i n g , aged c e l l s . 
I n a c t i v a t i o n a n d T r a n s f o r m a t i o n o f C3H 10T1/2 Ce l l s 
T h e i n a c t i v a t i o n c u r v e s o f C3H 10T1/2 c e l l s e x p o s e d t o γ - r a y s a n d a - p a r t l c l e s 
a re shown i n F i g u r e 2 . T h e s u r v i v a l r e l a t i o n a f t e r γ - i r r a d i a t i o n has a p r o ­
nounced s h o u l d e r , i n c o n t r a s t t o t h e s u r v i v a l c u r v e a f t e r α - i r r a d i a t i o n . T h e 
D 3 - f o r α - p a r t i c l e s was 0.6 C y . 
00SE / Gy 
Figure 2: f 
Inactivation of C3H 10T1/2 cells by y-raye (Φ) and a-particlee (O). 
E l k i n d a n d c o w o r k e r s have r e p o r t e d a g r e a t l y e n h a n c e d t r a n s f o r m a t i o n e f f i c i e n c y 
i n C3H 10T1/2 ce l l s e xpo sed t o low doses o f f i s s i o n - s p e c t r u m n e u t r o n s p r o t r a c t e d 
o v e r s e ve ra l h o u r s ( H i l l e t a l . . I n t . J . R a d i a t . B i o l . , 16. 11-15, 1981). The se 
r e s u l t s we re h i g h l y u n e x p e c t e d i n v i ew o f a c c e p t e d b i o p h y s i c a l c o n s i d e r a t i o n s , 
a n d t h e y a r e o f s u f f i c i e n t p r a g m a t i c i m p o r t a n c e t o make analogous i n v e s t i g a t i o n s 
w i t h o t h e r d e n s e l y i o n i z i n g r a d i a t i o n s m a n d a t o r y . 
I n o u r s t u d i e s w i t h α - p a r t i c l e s , we have f o l l o w e d t h e e x p e r i m e n t a l p r o t o c o l o f 
H i l l e t a i . w i t h o n l y m i n o r c hange s , b u t we d o n o t see a n y r e v e r s e d dose r a t e 
e f f e c t on t r a n s f o r m a t i o n e f f i c i e n c y . T h e r e s u l t s a r e c ompa red w i t h tho se o f H i l l 
e t a l . i n F i g u r e 3. T h e t r a n s f o r m a t i o n e f f i c i e n c y o f α - pa r t i c l e s a t h i g h dose 
r a t e is somewhat l owe r t h a n t h a t o f n e u t r o n s a t h i g h dose r a t e . T h e dose d e ­
pendenc ies f o r ο - e x p o s u r e s a t h i g h a n d low do se r a t e s a r e t h e same. 
0 0.5 i 
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Figure 3: 
Transformation rates after exposure to α-particles at different dose rates: 
(Λ) 0.83 mGy/min, (A) 1.7 mGy/min, (Ύ) 2.S mGy/min, and (O) 0.2 Gy/min. For 
comparison the results of Hill et al. (1984) with neutrons at high and low 
dose rates are shown as solid lines. 
T r a n s f o r m a t i o n e x p e r i m e n t s w e r e , as s hown I n T a b l e 1 . a l so p e r f o r m e d w i t h a 
v a r i e t y o f h ea v y ions w i t h LET f r o m 170 t o 15 700 k e V / p m . T h e t r a n s f o r m a t i o n 
y i e l d s decrease w i t h i n c r e a s i n g I on i za t i on d e n s i t y . T h i s Is t h e case n o t o n l y 
w i t h r e g a r d t o t h e f r e q u e n c i e s p e r u n i t a b s o r bed dose b u t e v e n t o t h e f r e ­
quenc i e s p e r p a r t i c l e . I .e. p e r u n i t f l u e n c e . For t h e h e a v i e s t I o n s , i . e . u r a ­
n i u m w i t h d i f f e r e n t e n e r g i e s , no t r a n s f o r m a t i o n s w e r e o b t a i n e d . 
Ion Energy LET Transfoanants p i tr 10* su rv i vo rs * t flut mces Φ /αη 2 
MeV/u keV/μη» 2.5x10* 5.0x10 s 1.0x10* 1.5x10* 2.0x10* 3.0x10* 0.0x10* C.OxlO* 
c 0.0 170 <0.« <0 .S 1 .3H.3 < · . « . 
1.510.4 < 0. · 1.311.3 C 5.S 220 <0 .0 <0.S <0 .0 0.510.5 2.311.2 
0 9.0 275 2.211.1 2.010 .9 1.010.9 
A r 10.0 710 5.013.5 2.011.2 1.7H .0 
A r «.β 1100 1.110.1 0.710.7 1.510.9 2.711.2 1.110.0 
Ft 17.3 1500 <0.C 0.710.7 1.310.9 l .Ot l .O 2.011.1 
Kr 10.7 3200 1 .711.2 2.311.0 <0 .< 
Kr 8.5 «300 O.liO.t O.OiO.O <o.s Pb 7.« 13900 O.OlO.O O.OlO.O 0.710.7 <e.o <0.0 υ 16.3 12100 <o.s <0.0 <0 .0 υ 9.0 15300 <0 . 9 <0.« <0 .0 
υ S.O 15700 <0.5 <0.« <·.$ <o.i <0.5 <0.5 
Table 1: 
Traneformation frequencies per surviving C3B Ϊ0Τ1/2 cell for various heavy 
T u m o r i g e n l c i t y and G r o w t h Parameters o f T r a n s f o r m e d SHE Ce l l s 
A l l r a d i a t i o n t r a n s f o r m e d ce l l l i nes i n d u c e d t u m o r s i n a t h y m i c n u d e m ice , as 
s hown i n Tab le 2. S y r i a n Hamster e m b r y o ce l l s w h i c h immor t a l i z ed spontaneous l y 
we re o n l y t umor i gen i c a f t e r more t h a n 30 s u b c u l t u r e s . T h e l a t e n c y p e r i o d o f 
t u m o r i n d u c t i o n was be tween 3 a n d 6 weeks . 
Cell line Type of . Dose Passage Latency Tutor 
radiation ( G y ) nurter period fv) cell line 
82-9 5 — 
AO 30 — 
AO 43 17 T 2339 
AO 70 5 Τ 2337 
A38Ial • * 1 2.5 21 3 Τ 2744 
A38IM V l 5.0 25 4 Τ 2741 
A3BId V T 7.5 22 4 Τ 2748 
A38IIai WAM 0.25 30 3 Τ 2760 
A38IIbl MAM 0.75 22 3 Τ 2739 
A38IIC2 *Vt 1.5 21 4 Τ 2764 
A40I-2 Carton 0.14 5 6 Ϊ 2792 
A40II-2 Carbon 0.54 5 6 Τ 2794 
A40III-2 Carbon 1.08 5 5 Τ 2793 
Table 2: 
Tumorigenicity of transformed SHE cells exposed to y-rays, a-particles and 
carbon ions. 
T a b l e 3 l i s t s t h e p l a t i n g e f f i c i e n c i e s o f t r a n s f o r m e d a n d t u m o r c e l l l i n e s u n d e r 
no rma l c u l t u r e c o n d i t i o n s a n d i n semi so l i d m e d i u m ( s o f t a g a r ) . T h e c l o n i n g e f f i ­
c i e n c y i n s o f t a g a r o f t u m o r ce l l s was a l w a y s h i g h e r t h a n t h a t o f t h e c o r r e s p o n d ­
i n g t r a n s f o r m e d c e l l l i n e f r o m w h i c h t h e y w e r e d e r i v e d . T h i s i n d i c a t e s t h a t a d d i ­
t i o na l e v e n t s may t a k e p lace d u r i n g t u m o r d e v e l o p m e n t . The d o u b l i n g t imes o f 
t r a n s f o r m e d a n d t u m o r ce l l s a r e s h o r t e r t h a n t h e d o u b l i n g t imes o f p r i m a r y SHE 
c e l l s . 








κ,ΡΕ in soft afar 
Juo-M 
82-9 4 0.25 20 ^ < 0.001 
AO 30 0.53 11.2 < 0.17 
AO 48 0.97 9.1 < 0.13 
Τ 2339 3 0.71 16.5 40 
AC 70 0.49 10.3 <0.1 
Τ 2337 9 0.65 13.3 >50 
A38Ial to-l 2.5 25 0.81 15.8 0.5 
1 2744 3 0.71 13.6 12.0 
A38Ibl V T 5.0 27 0.57 15.4 0.7 
1 2741 3 0.72 10.3 10.1 
A38Ic! 7.5 24 0.60 16.5 0.3 
Τ 2748 3 0.62 14.1 27.8 
A38IIal 0.25 29 0.91 13.3 < 0.01 
Τ 2760 4 0.07 19.B 1.4 
A38IIM "AM 0.75 24 0.76 14.1 < 0.01 
T 2739 4 0.53 16.1 9.4 
A38IIC2 *Vt 1.5 23 0.85 15.4 < 0.01 
Τ 2764 3 0.63 15.8 >50 
A40I-2 Carbon 0.14 7 0.60 14.1 < 0.01 
1 2792 4 0.31 20.4 35.8 
A40II-2 Carbon 0.54 7 0.63 13.6 < 0.01 
1 2794 4 0.53 14.4 4.6 
A40III-2 Carbon 1.08 7 0.60 13.3 0.44 
1 2793 4 0.55 12.6 3.9 
Table Z: 
Growth parameters of transformed SHE cells and tumor cell lines derived 
from tumors in nude mice after subcutaneous injection of 2x106 cells. 
Chromosomal S t a tu s a n d Exp re s s i on o f t h e r a s Oncogene 
T h e t h r e e h i s t og rams o f the chromosome n u m b e r s o f SHE ce l l l i nes t r a n s f o r m e d 
b y γ - r a y s , ο - p a r t i c l e s , a n d c a r b o n i on s a r e examples f o r t h e chromosomal 
s t a t u s o f r ad la J o n t r a n s f o r m e d SHE ce l l s ( F i g u r e < ) . T h e t r a n s f o r m e d ce l l popu­
l a t i o n s c o n t a i n v a r i o u s f r a c t i o n s o f c e l l s w i t h a d i p l o i d , a n e u p l o l d a n d t e t r a p l o i d 
s e t o f chromosomes. P r ima r y d i p l o i d S y r i a n Hamster ce l l s h a v e 40 chromosomes. 
E x p e r i m e n t s a r e u n d e r w a y t o c h a r a c t e r i z e v a r i o u s subc lones o f d i f f e r e n t t r a n s ­
f o r m e d c e l l l i n e s . 
1 JJUL 20 M M M M 70 Μ Μ 20 30 Μ SO Μ 70 Μ 90 
chromosome number per cell chromosome number per cell 
l I I 20 Μ 00 SO Μ 70 Μ 
chromosome number per cell 
Figure 4: 
Histograms of the chromosome number of transformed SHE cell lines exposed 
to y-rays (A38Ic-l), a-parttcles (A38IIb-l)t and carbon ions (Λ40ΙΙ-1). 
I t has been demons t r a ted t h a t t r an s fo rmed ce l l l i n e s a n d cel ls o f v a r i o u s human 
tumor s t end to e xp r e s s a muta ted ras oncogene o r show enhanced e x p r e s s i o n o f 
ra s genes. I t Is o f p a r t i c u l a r I n te re s t t o i n v e s t i g a t e t h e oncogene e x p r e s s i o n 
In ce l l s t r a n s f o rmed b y d i f f e r e n t t ype s o f I on i z i n g r a d i a t i o n In compar i son t o 
chemica l ly i nduced t r a n s f o r m a n t s . F i g u r e 5 Is a N o r t h e r n ana lys i s f o r t h e r a s 
oncogene o f v a r i ou s t r a n s f o r m e d and tumor ce l l l i n e s d e r i v e d f r o m SHE c e l l s . T h e 
ce l l l i ne A37 l l c3 ( t r a n s f o r m e d b y 7.S C y γ - r a y s ) a n d * t o a h i g h e r d e g r e e , t h e 
c o r r e s p o n d i n g t u m o r ce l l l i n e Τ 2662 show enhanced exp re s s i on o f t h e Ha - r a s 
oncogene. For compar i son t h e ny l on f i l t e r was c o h y b r t d l z e d w i t h an a c t i n p r o b e . 
T h e o t h e r cel ls appear t o lack enhanced ras e x p r e s s i o n . These p r e l i m i n a r y 
r e s u l t s have t o be c o n f i r m e d , and f u r t h e r e x p e r i m e n t s a re needed I n o r d e r t o 
e luc idate t he mechanisms f o r enhanced ras e x p r e s s i o n I n r ad i a t i on I n d u c e d 
t r a n s f o r m a t i o n a n d r a d i a t i o n carc inogenes i s . 
h 2 3 4 5 6 7 8 9 
Ha - ra s 
a c t in 
·- »< 
Figure 5: 
northern Blot for the ras gene of 
various transformed and tumor cell 
lines 
1 Τ 2760 0.2S Gy a-rays 
2 Τ 2653 l.S Gy a-rays 
W ü r z burg 
3 Τ 26SS spontaneous -ι 
4 Τ 2718 7.S Gy x-rays I 
5 Γ 2662 7.8 Gy y-rays 
6 Τ 2643 δμρ/ml iso-IQ 
7 A37 Ko spontaneous J 
8 A37IIe3 7.S Gy y-rejye 
